Aims/hypothesis Hypoglycaemia is associated with reduced skin temperature (Ts). We studied whether infrared thermography can detect Ts changes during hypoglycaemia in patients with type 1 diabetes and how the Ts response differs between patients with normal hypoglycaemia awareness and hypoglycaemia unawareness. Methods Twenty-four patients with type 1 diabetes (ten aware, 14 unaware) were studied during normoglycaemia (5.0-6.0 mmol/l), hypoglycaemia (2.0-2.5 mmol/l) and during recovery from hypoglycaemia (5.0-6.0 mmol/l) using hyperinsulinaemic glucose clamping. During each 1 h phase, Ts was measured twice by infrared thermography imaging in pre-defined areas (nose, glabella and the five left fingertips), symptoms of hypoglycaemia were scored and blood was sampled.
Introduction
In non-diabetic individuals, hypoglycaemia is associated with a decrease in skin temperature (Ts), which is thought to be mediated by peripheral vasoconstriction and evaporation of sweat [1, 2] . Cutaneous blood flow is reduced by sympathetic nervous activity and circulating catecholamines. Sweating is mainly mediated by cholinergic fibres, although circulating catecholamines also have an effect [3] [4] [5] .
While the reduction in temperature during hypoglycaemia is well-described in non-diabetic individuals [2, 6] , only sparse evidence of this effect has been described in patients with diabetes [7, 8] . Absence of Ts reduction during hypoglycaemia in diabetes patients could be due to abnormal neural and hormonal counterregulatory responses. Thus, patients with diabetes may, in response to repetitive exposure to hypoglycaemia, develop hypoglycaemia-associated autonomic failure that in turn may lead to impairment of hypoglycaemia awareness (unawareness) [9] . Patients with impaired hypoglycaemia awareness lack autonomic warning symptoms of hypoglycaemia such as sweating or tremor [10] . Therefore, hypoglycaemia unawareness could influence the thermal response during hypoglycaemia as a direct effect of the blunted sympathetic neural response. Nevertheless, an older study based on the use of temperature sensors on the forehead and abdomen did not reveal any differences in Ts in response to hypoglycaemia between patients with normal and impaired hypoglycaemia awareness [11] .
Since then, infrared thermography has emerged as a sensitive measure of Ts without the need for any direct skin contact [12] . The aim of this study was to investigate if infrared thermography can identify changes in Ts during hypoglycaemia in patients with type 1 diabetes and to assess whether any differences exist in the Ts response between hypoglycaemia-aware and unaware patients.
Methods
The study was a part of a clinical controlled study aimed at investigating the response to hypoglycaemia in patients with type 1 diabetes and either normal hypoglycaemia awareness or unawareness [13] . The protocol was registered at ClinicalTrials.gov (no. NCT01337362) and approved by the Regional Committee on Biomedical Research Ethics. Written informed consent was obtained from all participants.
Participants Twenty-four patients with type 1 diabetes were recruited from the diabetes outpatient clinics at Nordsjaellands Hospital and Steno Diabetes Center, Denmark. Inclusion criteria were type 1 diabetes >5 years, age >18 years and being either hypoglycaemia-aware or unaware. Exclusion criteria included pregnancy or breastfeeding, any brain disorder, use of antiepileptic drugs, beta blocking agents or neuroleptic agents, use of benzodiazepines within the last month, cardiovascular disease and alcohol or drug abuse. Hypoglycaemia awareness status was classified by the Pedersen-Bjergaard method [14] , the Gold score [15] and the Clark method [16] .
Patients not being either hypoglycaemia-aware or unaware were ineligible. Fourteen patients were hypoglycaemiaunaware and ten patients were hypoglycaemia-aware according to all three methods (electronic supplementary material [ESM] Table 1) .
At baseline, information regarding late-stage diabetic complications and neuropathy was obtained by patient interview and review of medical records. Glycaemic control was assessed by measurement of HbA 1c .
Experimental protocol All experiments were carried out in the same room and efforts were made to secure a stable room temperature throughout the experiment. The participants wore similar clothing and were studied during a glucose clamp at three glucose levels; normoglycaemia, hypoglycaemia and during recovery from hypoglycaemia. At each glycaemic level, which lasted for approximately 1 h (Fig. 1) identical testing was carried out, including infrared thermographic imaging, blood sampling for measurements of counterregulatory hormonal responses and recording of hypoglycaemia symptom scores.
Continuous subcutaneous glucose monitoring The participants wore a continuous subcutaneous glucose monitor (CGM; Guardian REAL-Time with Enlite sensor, Medtronics, Minneapolis, MN, USA) for 5 days before the glucose clamp. If any glucose measurement was below 3.5 mmol/l within 24 h before the experimental day, further study procedures were postponed.
Glucose clamp procedure The glucose targets were 5.0-6.0 mmol/l during normoglycaemia, 2.0-2.5 mmol/l during hypoglycaemia and 5.0-6.0 mmol/l during recovery. Insulin was infused intravenously at a continuous rate of 1 mU insulin kg ) and thereafter adjusted on an individual level throughout the clamp. Plasma glucose was measured by YSI 2300 (YSI/XYLEM, Yellow Springs, OH, USA). At the end of each glycaemic period and at the beginning of the hypoglycaemic period, blood was drawn and later analysed for glucagon, adrenaline (epinephrine), noradrenaline (norepinephrine), cortisol and growth hormone levels as previously described [13] . Pancreatic polypeptide (PP) levels were determined by extracting PP from plasma samples with ethanol (70% [vol./vol.] final concentration) and then measuring it with the use of a mid-region specific antibody (No. HYB 347-07; Statens Serum Institut, Copenhagen, Denmark). Human PP was used as standard and 125 I-labelled PP (No. NEX315; Perkin Elmer, Boston, MA, USA) was used as a tracer.
Infrared thermographic imaging Information regarding Ts was obtained by an infrared thermographic camera (Thermovision SC645, FLIR Systems, Wilsonville, OR, USA). The recordings provided two dimensional thermal images where each pixel represents a temperature. The thermal camera had an accuracy ± 2%, a thermal resolution of <0.07°C and an image resolution of 640×480 pixels. The images were recorded at the beginning and at the end of each glycaemic phase (Fig. 1) . During thermographic recordings, the participants were asked to look directly into the camera and raise their hands so that the palms faced towards the camera. The participant's arms were resting in a fixed plaster cast during the recordings so that position of the hands was the same throughout the study. The camera was fixed in a standardised position in front of the patient, 1.5 m away.
Specific areas of interest (AROs) were selected, including the tip of the nose, the glabella and the tip of all fingers on the left hand (Fig. 2) . These areas were chosen so that the same anatomical locations were analysed throughout the study without interfering with the rest of the study set-up. The mean Ts for each ARO were subsequently calculated (ThermaCAM Researcher Professional, version 2.10, FLIR Systems). ΔTs is defined as Ts at the end of the hypoglycaemic level minus the Ts at the beginning of the normoglycaemic level.
Hypoglycaemia symptom scores Patients filled in a standardised hypoglycaemia symptom questionnaire (the Danish modification of the Edinburgh Hypoglycaemia Scale [17, 18] ) twice during normoglycaemia, hypoglycaemia and recovery. The symptoms were grouped into three symptom categories; autonomic, neuroglycopenic and other hypoglycaemia symptoms.
Statistical analysis Data were analysed using the statistical software (IBM SPSS Statistics, version 20, IBM Cooperation, Armonk, NY, USA) and R 2.15.1 (R Foundation for Statistical Computing, Vienna, Austria). Data are expressed as means (SEM) unless otherwise stated. Within-group effects of hypoglycaemia during the hypoglycaemic phase and during the recovery phase were assessed by repeated measures ANOVA, where the assumption of sphericity was made (assessed by Mauchly's test). If the assumption of sphericity was violated, a multivariate ANOVA was performed and significance for Wilks' Lambda reported or Wilcoxon signed rank test was performed as appropriate. The between-group effects were assessed by unpaired t test, a Mann-Whitney test or by a linear mixed model depending on data distribution, occurrence of repeated measurements and homogeneity of intercorrelations. A p value <0.05 (two-sided) was considered statistically significant.
Results
Baseline characteristics of the participants are shown in Table 1 . Hypoglycaemia-unaware patients tended to be older, they had a longer duration of diabetes, required a lower daily insulin dose, had lower BMI and had experienced more episodes of severe hypoglycaemia during their lifetime.
Glucose clamp There was no difference in mean glucose levels during normoglycaemia or recovery between the two groups: normoglycaemia aware: 5.4 (0.1) mmol/l, mean (SEM) (CV 6.2%); normoglycaemia unaware: 5.3 (0.09) 
Data are median (range) or n (%) a Differences between the groups for continuous variables were assessed by a t test and the categorical variables were assessed by Fisher's exact test b Beat-to-beat variation was the mean of five measurements assessing the difference between maximal and minimal pulse frequency during five respiration cycles where the patient was asked to take a deep quick breath, hold for 5 seconds and then exhale fast and wait for 5 seconds mmol/l (CV 6.7%), p=1; recovery aware: 5.6 (0.09)mmol/l (CV 6.5%); recovery unaware: 5.6 (0.1)mmol/l (CV 5.1%), p=0.7 (Fig. 3) . During hypoglycaemia, the mean plasma glucose was 2. Fig. 4 ). In the unaware group, there was only a trend towards a lower temperature on both nose (ΔTs −1.1°C, 95% CI [−2.4, 0.1], p=0.07) and glabella (ΔTs −0.4°C, 95% CI [−0.9, 0.05], p = 0.07). The differences in the hypoglycaemia-associated temperature changes between the two groups were significant for both nose ( p=0.04) and glabella ( p=0.02).
There were no changes in Ts on any finger during hypoglycaemia compared with normoglycaemia in any of the groups but Ts decreased during recovery in the aware group (Table 2, ESM Fig. 1) .
The linear mixed model also showed a significant reduction in Ts on the glabella and nose during both hypoglycaemia and recovery: nose: ΔTs −2.6 (0.6)°C (SEM), p<0.001; glabella ΔTs −1.4 (0.3)°C; p<0.001. After adjusting for awareness, BMI, age and duration of diabetes, the Ts changes on the glabella and nose were still significant. On the glabella, changes in Ts were associated with awareness status ( p=0.002) but .05 aware vs unaware independent of BMI, age and duration of diabetes. On the nose, Ts changes also differed between the two awareness groups during recovery ( p=0.02), while there was a trend towards a difference during hypoglycaemia ( p=0.07). This was also independent of BMI, age and duration of diabetes.
Room temperature was stable throughout the experimental days with a temperature of 24.2±0.2°C (mean±SEM) with no significant difference between periods of normoglycaemia and hypoglycaemia or between study groups.
BP and pulse There was no difference in systolic BP between the different glycaemic levels or between the two groups. Diastolic BP decreased during hypoglycaemia but only in the aware group: from 78 (2)mmHg to 73 (2)mmHg, p= 0.005. As a consequence, the pulse pressure increased during hypoglycaemia in the aware group: normoglycaemia: 57 (3) mmHg (mean); hypoglycaemia 70 (5)mmHg (max), p=0.01. Δhypo (the maximal level during hypoglycaemia minus the level during normoglycaemia) for pulse increased in both groups (aware: Δhypo 5.5 beats-per-min [bmp], p=0.005; unaware: Δhypo 7.8 bpm, p=0.002), with no difference between the two groups (ESM Table 2 ).
Counterregulatory hormonal responses
There was an increase in plasma concentrations of all measured hormones during hypoglycaemia in both groups (ESM Table 2 F1, the first finger; F2, the second finger; F3, the third finger; F4, the fourth finger; F5, the fifth finger; Hypo, hypoglycaemia; Normo, normoglycaemia
Discussion
This study demonstrates that high-resolution infrared thermography can detect changes in Ts during hypoglycaemia in patients with type 1 diabetes. The decreases in Ts were significantly greater in hypoglycaemia-aware patients and accompanied by higher hypoglycaemia symptom scores and larger counterregulatory hormonal responses as compared with hypoglycaemia-unaware patients. Thus infrared thermography provides new information about the hypoglycaemia awareness phenotypes in type 1 diabetes. Thermography detects electromagnetic radiation. Each infrared energy level is assigned a colour which results in a two dimensional image [19] . The advantage of this technique is that it is fast and precise, with a high spatial and temporal resolution, without requiring any direct skin contact. Furthermore, the remote recording does not interfere with sweat evaporation that is a major driver of hypoglycaemic Ts responses. The approach has proven useful in assessing Ts changes associated with regional anaesthesia [20, 21] , and has been suggested in ruling out fractures and monitoring vascular malformations, haemangiomas, burns and wound infections [22, 23] . With the use of thermal images we are able to show changes in Ts in relation to a blood glucose level of 2.0-2.5 mmol/l. Two other studies did not demonstrate decrease in Ts in patients with type 1 diabetes [7, 8] . The studies used methods requiring direct skin contact to assess Ts such as surface thermocouples on the forehead, abdomen, calf, shin and foot [8] , or a thermistor placed on the forearm [7] . These methods may interfere with sweat evaporation at the detection site and may thereby be less sensitive during hypoglycaemia. The question remains whether this discrepancy is due to a higher sensitivity of the infrared thermography camera, the areas of skin investigated, or impaired awareness status in the participants, which was not addressed in the two studies [7, 8] .
The unaware group not only had the expected diminished hypoglycaemia symptoms and counterregulatory hormonal responses to hypoglycaemia but an attenuated Ts decrease as well. Our results are in contrast to a study by Howorka et al [11] who reported a Ts response during hypoglycaemia but did not detect any difference in Ts between aware and unaware patients during hypoglycaemia. Again, there are distinctive methodological differences between the two studies. Howorka et al relied on methods requiring skin contact to assess Ts and they administered an intravenous bolus injection of insulin which lowered the glucose level to 2.0 mmol/l in the aware group and 1.6 mmol/l in the unaware group. Thereby the glucose level during hypoglycaemia was lower than that in our study and the difference in glucose level between the two groups was greater. This suggests that it might be necessary to study unaware patients at lower glucose levels to trigger a thermal response during hypoglycaemia similar to that of aware patients. This is in accordance with Gale et al [24] reporting that lower blood glucose levels produce larger thermoregulatory responses to hypoglycaemia when comparing glucose levels of 2.1, 1.8, 1.2 and 0.9 mmol/l.
During hypoglycaemia, Ts changes differed among the nose, glabella and fingertips. Thus, Ts did not change significantly on the fingertips during hypoglycaemia. However, during recovery, Ts decreased on the fingertips, but only in the aware group. Our results are in accordance with a study from Wiles et al [25] demonstrating that finger blood flow remains high during hypoglycaemia in patients with type 1 diabetes despite a decrease in interdigital skin blood flow. It was only in the recovery period that the finger blood flow fell.
Evaporation of sweat is believed to be a main contributor to the temperature changes during hypoglycaemia [2] . During hypoglycaemia there is an increase in sympathetic skin responses similar to what can be found in patients with clinical hyperhidrosis [26] . This response is thought to be mediated by the central nervous system [26, 27] . The differences in temperature response between aware and unaware patients might therefore be the results of differences within the central nervous system. This is in line with studies in rats showing that recurrent hypoglycaemia alters the glucose sensing in the ventromedial hypothalamus in the brain and blunts the counterregulatory response [28] . The thermography-assessed temperature response during hypoglycaemia might therefore be a novel modality in the characterisation of blunted sympatho-adrenal response leading to impair ed hypoglycaemia awareness. The clinical implication of these findings is not yet certain and further investigations are necessary.
The strengths of this study are that the thermal recording set-up was standardised and performed at a stable room temperature making it possible to compare images throughout the study and also among participants. Furthermore, classification of the participants' awareness status fulfils the criteria of three internationally accepted classification methods for hypoglycaemia awareness [29] . The differences in symptom scores and counterregulatory responses further support the classification. Finally, participants wore a CGM in the days leading up to the study so that episodes with hypoglycaemia could be identified and the study postponed if necessary. This was done because antecedent hypoglycaemia could potentially blunt the symptomatic and hormonal responses to hypoglycaemia induced during the study [30] .
The limitations to this study include the fact that the aware group was assessed at slightly higher glucose levels despite a lower glucose infusion rate during hypoglycaemia compared with the unaware group. The difficulty in reaching the same nadir glucose in both groups may be a consequence of better counterregulatory capacity of aware patients, which also could explain the lower glucose infusion rate during hypoglycaemia and recovery in this group. Even though the unaware group received a slightly stronger hypoglycaemic stimulus, their temperature response was smaller than in the aware group. Moreover, there were differences between the two groups at baseline. The aware group was younger with shorter duration of diabetes, which is to be expected since age and duration of disease are well-known risk markers for development of hypoglycaemia unawareness [31, 32] . After adjusting for this in the statistical analyses, the results still showed the hypoglycaemia-induced temperature response differed between the two groups, although there was only a trend on the nose during hypoglycaemia. Also, in this study we chose to analyse the forehead, nose and fingertips. These areas were chosen in part because they were compatible with the rest of the study set-up. There might be other areas where the hypoglycaemia-induced temperature changes are even more pronounced. In this study, no tests for neuropathies, other than beat-to-beat variation, were performed. Instead prevalence of neuropathy was based on questionnaires and the patient's medical records. It is therefore possible that the prevalence of neuropathy is higher. Both autonomous and peripheral neuropathy could potentially affect the thermoregulatory response. Further investigations are therefore needed to characterise the response in patients with neuropathy. Finally, the aim of this study was to analyse the response to hypoglycaemia in patients with type 1 diabetes, no nondiabetic control group was therefore included in this study and no euglycaemic control studies were performed. These aspects deserve attention in future studies.
In conclusion, Ts is decreased on the nose and forehead during hypoglycaemia in patients with type 1 diabetes as assessed by infrared thermography. The hypoglycaemiaassociated changes in Ts were more pronounced in patients with normal hypoglycaemia awareness compared with unaware patients.
